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Abstract Exoplanet detection missions have found thousands of planets or
planet candidates outside of the Solar System - some of which are in the hab-
itable zone, where liquid water is possible at the surface. We give an overview
of the recent progress in observations of water-rich exoplanets, detection of
water in the atmosphere of gas giants and less-massive targets, and modelling
of the interior and evolution of water layers in exoplanets. We summarise the
possible habitability of water-rich planets and discuss the potential of future
missions and telescopes towards the detection of water in the atmosphere of
low-mass exoplanets or on their surface.
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1 Introduction
Water is abundant not only in the Solar System, but in the universe in general.
The search for water on exoplanets is mainly driven by its implications for the
potential habitability of these planets, since life as we know it from Earth needs
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access to liquid water. This constraint led to the definition of the habitable
zone (e.g. Hart 1979; Walker et al. 1981; Kasting et al. 1993; Kopparapu et al.
2013), which describes the range of distances from a star where liquid water
can exist at the surface of a planet depending on its atmosphere (greenhouse
gases like CO2, H2O or He, e.g. Seager 2013).
When searching for a possible habitable exoplanet, the focus often lies on
planets with a density indicating a rocky bulk composition. Only few low-
mass planets have been detected so far, for which the mass and radius could
be measured, and such observations are currently only possible for close-in
planets. Detected planets even include small objects in the habitable zone of
solar-like stars (e.g. Kepler 425b with 1.6 Earth radii, Jenkins et al. 2015),
even though their mean densities are not yet known.
The past measurements show that exoplanets are much more diverse than
previously expected, including super-Earths (planets with masses up to 10
Earth masses, Valencia et al. 2007), hot Jupiters (Mayor and Queloz 1995;
Marcy and Butler 1996) and mini-Neptunes (Charbonneau et al. 2009; Léger
et al. 2009). The latter contain large amounts of water and may migrate inward,
possibly into the habitable zone (Kuchner 2003; Léger et al. 2004). These ocean
planets have added to the speculation of habitable worlds. Several studies
have addressed the possible interior structures and evolution of these low-
mass planets in the past years (Sotin et al. 2007; Grasset et al. 2009; Alibert
2014; Noack et al. 2016).
Planets with a small density do not necessarily indicate large amounts of
water, but may also contain a thick and broad volatile envelope similar to gas
giants. Observations of exoplanets (Rogers 2015) show that there is a threshold
between terrestrial planets and planets with an extended atmosphere at a limit
of about 1.6 Earth radii (or 6 Earth masses, Marcy et al. 2014).
Direct measurements of water vapour in exoplanet atmospheres have al-
ready been obtained for about a dozen objects, mainly hot Jupiters. Such
observations are expected to be expanded to planets of significantly lower
mass and temperature with upcoming space and ground-based observatories
such as the James Webb Space Telescope (JWST) and the next generation of
Extremely Large Telescopes.
In this paper we give a summary of recent advances in detection of exoplan-
ets, as well as observation and modelling of water in exoplanets, and discuss
possible implications on the habitability of these planets.
2 Past detection of exoplanets and their bulk compositions
Up to today, most extrasolar planets are detected by indirect methods. The so
far most successful detection methods, the radial velocity (RV) technique and
the transit method, fortunately can provide us with the bulk planet parame-
ters orbit, radius, mass, and mean density. Masses can also be derived from
astrometric techniques, which will gain significant impact in particular for gas
planets when results from ESA’s GAIA mission become available. Direct imag-
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ing methods currently assess (young) gas planets and can provide good targets
for atmosphere spectroscopy, but concerning bulk parameters (radii, masses)
need model assumptions. Here, we focus on RV and transit detections because
they provide the largest statistics for planet characterization available today.
2.1 Techniques to measure planet densities
Determining planet mean densities requires accurate measures of the planetary
radius and mass. The only means we have to directly measure exoplanetary
radii is via the transit method. Planetary masses are determined via RV data
or by transit timing variations (TTVs) of transiting planets.
The RV technique measures the wobble of a star induced by an orbiting
planet around their common centre of mass. The radial velocity component
of the stellar motion is measured by high-resolution spectrographs from the
induced spectral line shifts via the Doppler-e↵ect. From the periodicity, am-
plitude, and shape of the signal, the planetary orbit parameters as well as a
lower limit of the planetary mass, m sin i (i: inclination of the orbital plane),
can be derived.
The transit method measures the dimming of the stellar flux when an or-
biting planet passes through the line-of-sight towards the star. The dimming
is proportional to the projected disk of the planet divided by the disk of the
star (k = r2p/r
2
s). The periodicity allows deriving the planetary orbit parame-
ters via Kepler’s third law. Spectroscopic follow-up observations, e.g., during
transit, of the secondary eclipse, and of reflected or emitted light as the planet
revolves around its host star, provide access to further planet properties, like
atmosphere composition, e↵ective temperature, and albedo (see Section 4).
The two techniques, RV and transit method, complement each other. Plan-
ets which can be observed by both methods allow us to remove the sin i uncer-
tainty in the mass determination and hence provide the true planetary mass,
the radius and therefore mean planetary density.
The transit method provides an additional tool to derive planetary masses.
Additional planets in a planetary system can induce Transit Timing Variations
(TTVs), that means shifts in the occurrence time of an observed transit event.
If several transiting planets in a system show TTVs, their masses can be
derived with high accuracy. If only one transiting planet is observed and others
are indicated only indirectly via their TTVs induced on the observed planet,
their masses can still be constraint but with a larger error bar. The derivation
of planetary masses for non-transiting planets via TTV is a tricky issue because
their orbital parameters (e.g. eccentricity) are often only poorly constraint.
A pre-requisite to the derivation of planet parameters is the good knowl-
edge of the host star. The RV method measures m sin i of the planet relative to
the mass of the host star. The transit signal depends on the ratio of planet to
host star radius. Highly accurate determinations of host star parameters are
therefore curial for our understanding of the planet properties. Often it is the
uncertainty of stellar parameters which limits our knowledge of the orbiting
4 Lena Noack et al.
planet. Future instruments to investigate exoplanet parameters must therefore
be combined with techniques to derive accurate stellar parameters (see Section
6).
2.2 Planet density as constraint to planet interior
Today about 2000 exoplanets are known (exoplanet.eu). NASA’s Kepler mis-
sion has published in addition about 7000 planet candidates which are very
useful for statistical studies. However, out of the known planets only about 200
are small/low-mass planets with masses <30 Mearth (excluding planet candi-
dates and planets with only mass upper/lower limits), and only about 60 out of
these have a measured mean density (exoplanet.eu). The mean uncertainty in
their density is about 40% (where the uncertainty comes from the uncertainty
in mass of about 20% and radius of about 5% to the power of three). Only few
small planets have measured densities with uncertainty <10%. The number of
detected and characterised planets continuously grows, but today’s snapshot
illustrates the di culty we have to derive accurate planetary densities with
current instrumentation.
Figure 1 displays the density-mass relationship for exoplanets (red and
orange dots) and compares it to the Solar System planets and large moons
(blue dots). The figure also shows model results for planets with di↵erent
compositions (after Wagner et al. 2012) to guide our understanding of the
planet distribution seen. Planets with Jupiter-like composition fall onto the
green-dashed line. This branch of the diagram contains the gas giant planets
with composition dominated by hydrogen, similar to Jupiter and Saturn in
our Solar System. Their mean density grows with increasing mass. Gas giants
falling below the green-dashed line are larger than expected by the standard
model and often called ”inflated” planets. Planets above the green-dashed line
require significantly more heavy elements than Jupiter and may have large
rocky cores (e.g. Cabrera et al. 2010; Deleuil et al. 2012). At ⇠0.3 Mjupiter we
find a minimum in the mean density versus mass distribution, separating the
low-mass planets with significant rocky/icy composition from the gas giants
(Hatzes and Rauer 2015; Laughlin and Lissauer 2015). Planet synthesis models
(e.g. Mordasini et al. 2012a,b) show that we expect such planet to be numerous.
Low-mass planets in a density range which falls below the light-blue line
(ice composition) have significantly extended atmospheres, resulting in large
planetary radii and low mean densities. Examples in our Solar System are
Neptune and Uranus. We point out that in contrast to the ice planets in the
Solar System, up to today basically all small exoplanets with known mean
density orbit close to their stars and belong to the class of hot planets. Some
of them may have significantly extended atmospheres which make the planet
appear very large, in particular in the presence of high-altitude clouds (Lam-
mer et al. 2016). To disentangle from radius and mass observations alone the
size of a rocky core from an extended atmosphere is di cult. We take the
planet GJ1214b to illustrate the problem. One of the currently best studied
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Fig. 1 Mean planet density versus mass. Dashed lines show density-mass relationships for
planets with certain composition (green: Jupiter-like, violet: iron, pink: silicate, light blue:
water ice). The Solar System planets are indicated by their images and the large Solar
System moons by blue dots. Red dots: exoplanet gas giants (no error bars given for clarity),
orange dots: low-mass exoplanets.
exoplanets is GJ1214b (Charbonneau et al. 2009). It is a planet with 6.26+/-
0.91 Mearth and 2.8+/-0.24 Rearth (Anglada-Escudé et al. 2013; Charbon-
neau et al. 2009), hence belongs to the planets often called ”super-Earths”.
Its mean density is 1.56+/-0.61. GJ1214b orbits a nearby (13 pc) cool M
dwarf star (M4.5) and was subject to intense observations trying to determine
the atmospheric composition of the planet. However, no atmosphere absorp-
tions could be detected which was finally attributed to clouds in the upper
atmosphere, inhibiting the detection of atmospheric features (Kreidberg et al.
2014b). GJ1214b was also subject to studies to derive its composition and
internal structure. In principle three scenarios were studied. All scenarios as-
sume a planet with an iron core and a silicate mantle layer, but they di↵er
in the assumed atmosphere composition. Atmospheres could be dominated by
hydrogen on top of the silicate mantle, or on top of a water ice layer. A third
atmosphere scenario assumes a water steam atmosphere, resulting from e.g.
evaporation of a thick ice layer when the planet migrated towards the star
during its early evolution. It was shown that all three scenarios are able to
meet the measured planetary radius and mass (Rogers and Seager 2010), but
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require di↵erent amounts of hydrogen and water. This was confirmed in similar
studies, showing that it needs <10% hydrogen above a rocky core to explain
the measured radius and mass, or alternatively large amounts of water in the
atmosphere (Rogers and Seager 2010; Nettelmann et al. 2011; Valencia et al.
2013). GJ1214b illustrates that from radius and mass measurements alone it is
not possible to disentangle this ambiguity. Detection of atmospheric composi-
tions in planets could help. However, it will also require a better understanding
of planet formation and evolution scenarios to build arguments to constrain
probable planet compositions in this planet parameter range.
Mean densities of rocky terrestrial planets similar to Earth are dominated
by their iron cores and silicate mantles. The atmosphere contributes only little.
These planets fall between the violet and pink lines in Figure 1. We can see that
Mars, Venus and Earth line-up on the silicate composition line. The figure also
shows that there seems to be an upper mass limit for such silicate-dominated
planets. The highest-mass silicate planets observed so far have masses of 10-
20 Mearth (Rauer et al. 2014). This is in agreement with the core-accretion
model of planet formation which expects larger planets, beyond the critical
core mass, to accrete hydrogen and quickly grow in size (and hence decrease
in mean density, falling below the light-blue line or moving to the right part of
the diagram of gas giants). Also Mercury-like planets which require large iron
cores to explain their mean density are found. However, error bars in this low-
mass part of the diagram are large, and a higher accuracy of measured mean
densities is urgently needed to at least minimise the ambiguities from obser-
vations. However, also planets in this low-mass parameter range are subject
to compositional degeneracy (see Section 3).
The examples above have shown that inferring the water content of plan-
ets from their bulk properties, radius, mass, and density, is a challenging task
due to compositional degeneracies between core, mantle (silicate and/or ice)
and atmosphere contributions. Nevertheless, statistical methods to disentangle
terrestrial planet composition from radius and mass data, taking into account
measurement and model uncertainties, are currently investigated (Dorn et al.
2015). These studies show that constraints may become available with an
increasing data base of measured planet (radius, mass, mean density, atmo-
sphere) and host star (composition) parameters. While the determination of
a precise composition and water content of a particular, individual exoplanet
will likely remain a challenge, improved data quality and especially large sets of
observations will provide a new parameter input into the analysis of statistical
properties of terrestrial planet composition in future.
3 Interior structures from bulk compositions
When detecting small-massive exoplanets, a rough characterisation of the bulk
composition can be obtained when comparing the observed mass and radius to
predicted relationships for di↵erent planets types - typically ranging from pure
water spheres over silicate shells to iron-rich bodies (e.g. Valencia et al. 2006;
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Wagner et al. 2012; Dressing et al. 2015; Noack et al. 2016). An exoplanet that
would lie on the mass-radius curve of an Earth-like structure would therefore
be assumed to be rocky and similar to Earth. However, interior structure of
planets and composition is never unambiguous.
Fig. 2 Possible interior structure variations for an Earth-size planet of 1 (left) or 0.5 (right)
Earth masses composed of an iron core (yellow area), a silicate mantle (brown) and water/ice
(blue).
Figure 2a shows a simplified example for di↵erent interior structures that
are possible for an Earth-size planet with a mass of exactly Earth’s mass (ne-
glecting measurement inaccuracies here). The blue areas denote a pure water
layer (with a surface temperature of 300K and consisting of liquid water and
possibly high-pressure ice), brown areas are the silicate mantle (containing
only the minerals Mg2Si04, MgSi03 and MgO for simplicity) and yellow in-
dicates the iron core (solid in this example). Earth’s surface water content
is about 0.023wt-% (Schubert et al. 2001). However, if Earth would have a
larger water content (here up to 24wt-% or appr. 1000 Earth oceans), larger
amounts of iron could compensate the e↵ect of the less-dense water on the
mass of the planet and yield the same observed mass and radius as Earth.
Note that a pure water-iron planet lacking any silicate minerals is unlikely,
but variations in the Mg-Fe-Si ratios have already been observed for several
stars - which may indicate related variations in planet compositions and can
help to constrain possible interior structures (e.g. Grasset et al. 2009; Santos
et al. 2015; Dorn et al. 2015; Unterborn et al. 2016).
The right plot in Figure 2 on the other hand shows a planet of one Earth
size but only half the mass of Earth. As long as an extended atmosphere, which
would yield a larger observed than actual planet radius (e.g. Lissauer et al.
2011), can be excluded (for example for low-massive planets up to Earth’s mass
Lammer et al. 2014), such a small bulk density can only be explained for sub-
stantial amounts of water. For such planets a rough characterisation based on
their mass-radius relationship is possible. For planets discovered with Earth-
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like densities, large amounts of water cannot be excluded, and the detected
exoplanet may have either a water-rich or a rocky composition.
Fig. 3 Radial profiles of a water-rich planet for density, pressure, and di↵erent thermody-
namic properties for a one-Earth-mass planet composed of 35 wt-% iron, 25 wt-% water and
40 wt-% silicates from Fig. 2. The yellow colour denotes the iron core, brown the silicate
mantle, grey the high-pressure ice and blue the liquid water layer at the surface. Possi-
ble melting of the ice layer from below is neglected here for simplicity. The grey dashed
line shows the density of the preliminary reference Earth model (PREM, Dziewonski and
Anderson 1981).
In Figure 3 example profiles of a water-rich planet throughout the inte-
rior are plotted for the density, pressure, specific heat capacity, gravitational
acceleration, adiabatic reference temperature and thermal expansion coe -
cient after Noack et al. (2016). This model planet of one Earth mass contains
35wt-% iron and 25wt-% water. Distinct variations of several thermodynamic
properties for the di↵erent layers (water - mantle - core) can be observed for the
density and the thermal properties. For comparison, the density profile of the
Earth following the preliminary reference Earth model (PREM) by Dziewon-
ski and Anderson (1981) is given. The main di↵erences between the density
profiles can be observed in the upper first 1000 km, where the large water con-
tent of the modelled planet leads to smaller densities in the high-pressure ice
layer than in the silicate upper mantle of Earth. The density of Earth’s core is
reduced with respect to the model planet due to existence of lighter elements
in Earth’s core, which were not considered in the model planet. While mass
and radius of rocky planets can be observed from space, the interior structure
as well as information on thermodynamic properties of the di↵erent layers in
the interior cannot be observed. Models of possible planet compositions and
di↵erentiation processes can help to better understand the thermal evolution
of the interior of rocky planets, which influences the subaqueous surface, for
example via volcanism and plate tectonics (Noack et al. 2016, 2017).
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4 Characterisation of exoplanet atmospheres and observing water
Decades of Solar System exploration have revealed an immense complexity and
diversity of planet atmospheres. Gas giants’ atmospheres are molecular hydro-
gen dominated and exhibit strong zonal flows with thick clouds and storms.
The rocky planets harbour secondary atmospheres, with a super-rotating CO2-
based atmosphere with opaque sulphuric acid clouds in the case of Venus, a
N2 based partially clear atmosphere with a significant biotic oxygen content
in the case of the Earth, and a tenuous CO2 based atmosphere with yet unex-
plained trace amounts of methane in the case of Mars (Webster et al. 2015).
Arguably even more mysterious is the thick N2-based atmosphere of Saturn’s
moon Titan, with opaque methane/ethane clouds.
Scientifically, the daunting task is to understand this wide variety in at-
mospheres in the frame work of planet formation and evolution. Since the
atmospheres of the Solar System planets are so di↵erent from each other, it
indicates that it will require detailed investigations of extrasolar planets to
even begin to recognise patterns, relations, and/or families between di↵erent
types of planets. Planet types such as hot Jupiters, super-Earths and mini-
Neptunes do not exist in our Solar System.
On the other hand, studying the atmospheres of extrasolar planets will
always be significantly limited compared to what we can do for Solar System
planets. The latter we can send probes to that dig and drill to understand their
geology, or that perform in situ atmospheric measurements. Artificial satellites
can accurately measure a planet’s gravity field, and landers can collect seismic
data, or in the future even collect samples that could be returned to Earth.
All these important and basic observables will never be available for exoplanet
studies.
Fortunately, a wide variety of information can be obtained from remote
sensing alone. Moreover, the composition, thermal structure and dynamics
of a planet atmosphere can be studied using a wide range of observational
techniques.
4.1 Techniques to measure exoplanet atmospheres
In the first two decades since the first discoveries more than 1000 exoplanets
have been found. Virtually all of these planets have been discovered without
identifying even one single photon from the planet itself. Unfortunately, this
can no longer be the case for atmospheric studies, and such observations are
about separating the planet signal from that of the star, with the latter often
many orders of magnitude brighter.
Practically all aspects of astronomical observations, which measure the ra-
diation (and polarisation) as function of time, direction, and wavelength, can
be used to filter out the light from the planet:
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Fig. 4 Exoplanet atmosphere observations are all about separating the planet light from
that of the star. This can be done using time di↵erential measurements (using transits,
eclipses, or phase curves), angular di↵erential techniques using high-contrast imaging, and
either of these combined with high-dispersion spectroscopy or polarisation observations.
1: Time domain - transits and eclipses: The way a planet is observed can be a
dramatic function of time. This is particularly the case for transiting systems.
Not only does the planet at given times block o↵ part of the stellar surface,
but a small fraction of star light filters through the planet atmosphere leaving
a spectral imprint of absorption and scattering processes. By observing the
system as function of time, the planet’s atmospheric transmission spectrum
can be isolated from the stellar spectrum (Charbonneau et al. 2002).
This works best when the observability of the planet changes on short time
scales relative to the duration of the observation, such as in the case of transits,
or eclipses - the moment the planet vanishes behind the star and the missing
radiation is a measure of the planet’s thermal emission spectrum and/or re-
flectance (Charbonneau et al. 2005; Deming et al. 2005). Along a planet orbit
we also see the planet at di↵erent viewing angles, showing varying fractions of
its day and night side. The time scales of such phase curve measurements are
longer with the changes in planet signal less abrupt making this significantly
more di cult to observe (Knutson et al. 2007).
The planet transmission spectra probe the atmosphere at the day/night
terminator region. The atmospheric signal largely depends on the scale height
and the abundance of spectroscopically active species and scattering or absorp-
tion by aerosols. A secondary eclipse spectrum or phase curve measurement
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probes a combination of star light reflected o↵ a planet’s atmosphere and its
intrinsic thermal spectrum - the latter largely depending on the atmospheric
temperature structure and abundances of molecular species on the planet’s
dayside. Note that this type of exoplanet atmospheric measurements, which
depend on time di↵erential filtering, is mainly constrained to planets in close-
in orbits, since both the transit probability and transit frequency scale down
with orbital distance, but also because these planets are very warm due to the
close proximity of their host star.
2: Spatial domain - high contrast imaging: The small angular separation be-
tween star and planet can also be used to isolate the planet signal, called
direct or high contrast imaging (HCI). Since the theoretical angular resolution
is proportional to the telescope diameter, best results so far are being reached
with the large ground-based telescopes making use of adaptive optics sys-
tems aimed to cancel out the negative e↵ects of Earth-atmospheric turbulence
(seeing), coronography to optimally darken regions directly around the star,
and utilising smart analysis algorithms that further remove telescope-induced
systematics. The hot Jupiters that are being probed with transit measure-
ments are inaccessible with direct imaging since they are too close to the host
star. Mature planets that are located at such large orbital distance that they
could be angularly separated from their host star are extremely faint, both
in thermal as in reflected light, with planet/star contrasts of 10 8 or lower.
This means that they are also beyond reach of current instrumentation. How-
ever, very young systems with planets at tens or more astronomical units can
be observed (Marois et al. 2008; Lagrange et al. 2010). Although these plan-
ets receive only little energy form their host stars, they are still warm from
their formation resulting in a much more favourable planet-to-star contrast.
In particular young A-stars, which are 2 3 times more massive than the Sun,
sometimes exhibit gas giant planets at large orbital distances of which a dozen
or so are now known. HCI immediately allows the production of a planet ther-
mal spectrum by combining measurements at di↵erent wavelengths (Currie
et al. 2010).
Both the filtering in the time-domain as in the spatial domain can be used
in combination with filtering on other aspects of astronomical observations.
E.g. high-dispersion spectroscopy (HDS) can be used in conjunction with tran-
sit or phase-curve observations. At  /   ⇡ 100, 000, a planet molecular band
(such as from CO or H2O) resolves into tens or hundreds of individual lines.
Since the orbital motion of hot Jupiters is large (up to 150 km/s) the radial
component of the orbital velocity of the planet can change by tens of km/s
during an observation   adding a time di↵erential component to the obser-
vation. This allows the planet also to be separated in wavelength-space by
filtering out all stationary components in the observed spectra (including the
spectral features from the star and Earth atmosphere). The signals from the in-
dividual molecular lines can be subsequently combined using cross-correlation
techniques (Cameron et al. 1999; Snellen et al. 2010).
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High-dispersion spectroscopy can also be combined with high contrast
imaging (HDS+HCI). While the planet-star contrast obtained with HCI may
not be su cient to detect the planet, the remaining starlight at the planet
position may have a significantly di↵erent spectrum than that of the planet.
The stellar spectrum is well sampled and can be filtered out, leaving the planet
signal only at the planet position of which the signal of individual lines can be
combined again by using cross-correlation techniques (Sparks and Ford 2002;
Riaud and Schneider 2007; Snellen et al. 2015). In this way the spin-rotation
of the directly imaged planet   Pictoris b was determined for the first time
(Snellen et al. 2014).
Similar techniques can also be used in conjunction with polarisation. E.g.
it is expected that reflected light from a planet is partially polarised, while
that of the star is not. Hence, by isolating the polarising flux, the contrast
between the planet and star can be further enhanced. The Zimpol instrument,
recently installed on the Very Large Telescope, has been designed to pursue
this (Milli et al. 2013).
4.2 Observations of water in exoplanet atmospheres
The earliest report of the detection of water vapour in the atmosphere of
an exoplanet is from Tinetti et al. (2007) using the Spitzer Space Telescope,
who attributed the observed variation in transit depth between three infrared
wavelengths as a signature of water absorption in the hot Jupiter HD189733.
The same planet was also shown to have water using observations with the
NICMOS near-infrared spectrograph at the Hubble Space Telescope (HST,
Swain et al. 2008), along with a heavily disputed claim of methane absorption.
Charbonneau et al. (2008) and Grillmair et al. (2008) showed that the broad-
band Spitzer spectrum of the thermal emission spectrum (obtained through
secondary eclipse measurements) is also consistent with absorption by water
vapour. With the installation of the WFC3 camera on the HST and the utilisa-
tion of innovative observational techniques that minimise its systematic e↵ects
(drift scanning), the 1.4-1.7 micron water absorption band has been detected
for about a dozen hot Jupiters in their transmission spectrum (Deming et al.
2013; Mandell et al. 2013; McCullough et al. 2014; Wakeford et al. 2013), and
in the thermal phase curve of WASP-43b (Kreidberg et al. 2014a).
While the strength of the water absorption feature shows planet to planet
variations by up to an order of magnitude, Sing et al. (2016) show that this
is anti-correlated with the strength of the UV-optical blueward slope of these
planets’ transmission spectra, generally attributed to Rayleigh scattering of
haze particles in the atmospheres. Therefore it seems that it is not a variation
in water abundance that is causing the variation in absorption strength, but
the presence or not of hazes that partly block the 1.4-1.7 micron water feature.
Pushing this technique to smaller and cooler planets has been a challenge.
For several planets (e.g. Kreidberg et al. 2014b; Knutson et al. 2014) the trans-
mission spectrum seems to be dominated by clouds, basically hiding the water
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absorption signature (note that in such hot planets these are not water-clouds).
Fortunately, at least one Neptune size planet at <1000 K has a spectrum that
is not dominated by clouds (Fraine et al. 2014). However, it is clear that
clouds may be an important obstacle when searching for absorption features
in transmission spectra of cooler planets.
Ground-based HDS of hot Jupiters has also resulted in several water de-
tections. Water absorption was detected in the dayside thermal spectrum of
hot Jupiter HD189733 using CRIRES at the Very Large Telescope (Birkby
et al. 2013), and in that of tau Bootis using NIRSPEC at Keck (Lockwood
et al. 2014) - both at 3-3.5 µm. Water absorption was also observed at shorter
wavelengths (e.g. Brogi et al. 2014; Schwarz et al. 2015).
HCI has also revealed water absorption in young massive gas giants at large
orbital distances. Both planets b and c that orbit the young A-giant HR8799
have been found to exhibit a clear water absorption signature, together with
carbon monoxide and methane, and carbon monoxide respectively (Barman
et al. 2015; Konopacky et al. 2013). As expected, water vapour is also common
in the atmospheres of young, self-luminous gas giant planets.
5 Planetary evolution and habitability
The basic definition of habitability, based on life as we know it, is the existence
of liquid water as prerequisite - even though other factors like the existence
of building blocks of life, energy sources, and nutrients are necessary, as well.
Looking at the planets and moons in the Solar System, and at the data of
the so far discovered exoplanets, suggests three di↵erent groups of bodies that
could host life:
– terrestrial planets with shallow, regional water oceans,
– icy bodies with subsurface niches (either subsurface access to water as
suggested for Mars or subsurface oceans like for Europa and Enceladus),
or
– water-worlds with water-steam atmospheres and liquid water at the surface
In the following, we shortly discuss studies that investigated the habitabil-
ity potential of terrestrial and icy bodies, followed by a section on water-worlds.
5.1 Water on terrestrial exoplanets
The holy grail in exoplanet research is to discover a potential second Earth.
While based on the geophysical definition an Earth-like planet (or rocky planet)
would solely require a density indicating a composition of mainly silicate min-
erals and metals, the ”second Earth” is typically expected to have surface
oceans like on Earth - and therefore needs to be in the habitable zone. Just the
right mass and radius would not justify to call the detected planet a ”second
Earth”. Some scientists would in addition request the existence of a magnetic
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field as well as plate tectonics, in other words, a planet that might be able to
host complex, Earth-like life (either in its original or present-day form).
The existence of small amounts of water on terrestrial planets cannot be
detected from the mass-radius relationship (see Section 2, 3). On the other
hand, when searching for complex life like it evolved on Earth, the existence
of surface land (volcanic islands or continents) may be crucial, and only shallow
ocean layers may be considered as habitable (Maruyama et al. 2013).
The detection of water and continents at the surface of a terrestrial exo-
planet could be possible at some point. Water in the atmosphere can be de-
tected from its spectrum, see Section 4. Observation of surface coverage of
oceans and land might be possible due to interpretation of light curves and
albedo measurements (Montanes-Rodriguez et al. 2006; Fujii et al. 2010) for
non-transiting planets.
Another question concerning water at the surface of terrestrial planets is
its survivability. During the long-term evolution of Sun-like stars (F- or G-
type stars), the solar flux strongly increases with time. The standard model
for the adaption of the atmosphere to changing solar radiation, as used in
the calculation of habitable zone boundaries (e.g. Hart 1979; Kasting et al.
1993; Kopparapu et al. 2013), includes the formation of carbonates to extract
CO2 from the atmosphere to compensate for the increasing solar flux. This
process may already need the existence of plate tectonics to subduct carbon-
ates produced at the continental shelves, which may be limited by several
factors including for example the planet mass (still under debate, e.g. Valen-
cia et al. 2007; van Heck and Tackley 2011; Noack and Breuer 2014), interior
heat (Stein et al. 2013; Stamenković and Breuer 2014) or composition (Noack
et al. 2014). Ine cient atmosphere adaptation to increasing solar flux would
lead to a runaway greenhouse e↵ect and loss of surface water. On the other
hand, limitations to the maximal potential amount of greenhouse gases in the
atmosphere could have severe consequences for the existence of liquid surface
water at the outer boundary of the habitable zone (Noack et al. 2014).
Another interesting contribution of plate tectonics is the recycling of water
into the mantle and its replenishing at volcanic regions (Parai and Mukhopad-
hyay 2012; Höning et al. 2014; Foley 2015), which may be able to lead to
stable, shallow ocean layers - even for slightly larger amounts of water than
on Earth leading to an enrichment of water in the mantle instead of deeper
surface ocean layers for small-massive planets (Schaefer and Sasselov 2015).
5.2 Water in icy bodies
While early Mars had periods of liquid water flowing locally at the surface
(McKay and Davis 1991; Halevy and Head III 2014; Helbert et al. 2015),
present-day Mars can rather be considered as an icy world (apart from few
regions at the equator where temperatures rise above zero degrees during the
day). In the subsurface of Mars, access to liquid water may be possible, and if
life did exist during the earlier stages of the evolution, it may have penetrated
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into the ground, where it is also shielded from surface radiation (Boston et al.
1992; Gold 1992).
The more traditional view of icy bodies considers the water-rich moons in
the outer Solar System covered by an ice layer. These moons formed outside of
the snowline. Icy moons are typically considered to be habitable, if a subsurface
ocean exists, which is in contact with the silicate mantle. Hydrothermal ac-
tivity or serpentinisation processes within cracks of the rocky core (e.g. Vance
et al. 2016) are needed as energy source, and access to nutrients is further-
more essential for long-time habitability of these subsurface oceans. Subsur-
face oceans are believed to exist within Ganymede (Kivelson et al. 2002; Saur
et al. 2015; Vance et al. 2014), Titan (Iess et al. 2012; Grindrod et al. 2008)
and Callisto (Zimmer et al. 2000; Khurana et al. 1998), but at depth high-
pressure ice forms, which hinders the direct access of the ocean to the rocky
core (even though for Ganymede an upper and lower water layer have been
suggested, Vance et al. (2014)). The moons experience negligible radioactive
heating from within and only limited tidal heating, such that melting of the
entire high-pressure ice layer from beneath is not expected. Therefore, in the
Solar System, typically only Europa and Enceladus are considered as habit-
able icy moons, where water-silicate contact is possible (e.g. Roth et al. 2014;
Khurana et al. 1998; Thomas et al. 2016; Van Hoolst et al. 2016).
5.3 Habitability of ocean planets
The detection of low-dense, massive exoplanets (see also Section 2) has started
the discussion about the habitability of large water-rich planets, often called
ocean planets or mini-/sub-Neptunes (Léger et al. 2004; Grasset et al. 2009;
Sotin et al. 2007; Alibert 2014; Luger et al. 2015; Lammer et al. 2009; Noack
et al. 2016). These planets need to contain large amounts of water and/or
extended atmospheres to explain their low density (see Section 3).
Of interest have been especially water worlds in the habitable zone, where
the hydrogen-helium atmospheres allow for liquid water at the surface of these
planets. Sub-Neptunes outside the snowline could be potentially habitable, as
well, although observations will be extremely challenging due to the enormous
star/planet contrast ratio (if they can be observed, at all, and are not scattered
out of their star system, Stevenson 1999). Furthermore, biosignatures in the
atmosphere indicating life would be enhanced on planets without a surface ice
crust, where life could extend towards the surface.
Alibert (2014) modelled the maximal possible habitable planet radius for
water worlds of di↵erent masses considering di↵erent mantle-core composition.
For large water amounts, high-pressure ice can form, which is typically consid-
ered to rule out habitability of the ocean, as the ocean is not in contact with
the silicate part of the planet. Similar studies have investigated the maximal
liquid ocean depth (e.g. Sotin et al. 2007), also under the aspect of di↵erent
surface temperatures (Noack et al. 2016).
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The recent study by Noack et al. (2016) looked closer at water-rich planets
to evaluate the decrease in habitability potential with increasing water amount.
The study found that, depending on several factors such as initial energy
budget, amount of radioactive heat sources, or composition, high-pressure ice
can be molten from beneath due to the high heat flow from silicate mantle
into the ice layer. In some cases, only an episodic second, lower ocean layer
appears above the silicate mantle. Such a lower ocean layer (episodic or not),
would classify as a habitable niche inside water-rich planets.
Fig. 5 Possible habitability evaluation for planets of variable masses, compositions and
interior parameters. The colours refer to liquid water layers (green), lower ocean layers
(yellow), episodic lower ocean layers (orange) and high-pressure ice layers that are not
molten at the bottom (red). Based on Noack et al. (2016).
To understand how the possible habitability of a deep water layer (possi-
bly including high-pressure ice and a second, lower ocean above the silicate
mantle) depends on the amount of water and mass of a planet, we model the
thermal evolution of 7500 model planets over several billion years assuming ar-
bitrary values for composition, initial parameters (as for example the amount
of radioactive heat sources or initial temperature profile), crustal production
parameters and di↵erent silicate lithosphere regimes (stagnant lid or plate tec-
tonics) following a Monte Carlo approach as in Noack et al. (2016).
Fig. 5 shows the habitability potential of the model planets separated into a
low-mass range (left plot) and super-Earth mass range (right plot). For each
planet, we determine if high-pressure ice forms during the evolution of the
planet, and if the heat from the interior would be su cient to melt the ice
layer from beneath. The colours in Fig. 5 refer to the possible habitability of
the water-rich planet. The green region is the region where no high-pressure
ice forms, whereas in the yellow and orange cases a lower ocean forms (only
episodically for planets with orange dots). For model planets with a red dot,
a high-pressure ice layer forms, which extends to the surface of the silicate
shell. These planets are likely uninhabitable Noack et al. (for more informa-
tion on the habitability classification we refer the reader to 2016). When tak-
ing into account planets with a second, lower ocean in the classification of
possibly habitable water-rich planets, the range of water amounts that still
allow for habitable worlds is extended to much larger values than compared
to the classical restriction of having no high-pressure ice forming in the wa-
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ter layer. Note, however, that the CO2 feedback cycling between interior and
atmosphere would be hindered, which may have additional consequences for
the atmosphere stability and habitability (Kitzmann et al. 2015). For small
massive planets (from Mars’ to Earth’ mass), immense water contents up to
several tens of wt-% could still allow for the origin and evolution of life as we
know it, whereas for massive super-Earths, even small amounts of water in the
range of few wt-% would make the planets uninhabitable.
5.4 Searching for life outside of Earth
Fig. 6 Tree of life awareness. The di↵erent-coloured branches indicate di↵erent evolution
steps of the search for life, from the first thoughts on the history of life (blue branch) to
search for life on other planets or moons in the solar system (red branch) and in the universe
(green branch).
Figure 6 shows a di↵erent tree of life than the well-known biological tree
of life (Darwin 1859; Hinchli↵ et al. 2015). The figure summarises the evolu-
tion of the search for life, starting with the first thoughts on the history of
life, which is indicated in the lower, blue region. Archaeological findings and
the fundamental works of Charles Darwin and others led to the discovery of
life’s origin on Earth, including the ground-breaking Miller-Urey experiment
creating amino acids under early-Earth conditions in the laboratory and thus
creating organic compounds, that are essential for life as we know it.
A di↵erent branch of life awareness, considering life on other planets, goes
back to Greek philosophers such as Democritus around 400 BC, who claimed
that the universe must contain more than one planet sustaining life. The red
area in Fig. 6 refers to planets and moons in the Solar System. Mars, the moon
and Venus were believed to be inhabited (see also review in Noack and Breuer
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2013), until the area of space missions revolutionised the idea of life on other
planets.
In the last two decades, after not having found life on another body in
the Solar System, and after the first exoplanets were discovered in the early
1990s (Wolszczan and Frail 1992; Mayor and Queloz 1995), the universe is in
the focus of the search for life (green region). The hunt for finding possible
habitable exoplanets started a decade ago and continues with numerous up-
coming detection and characterisation missions such as TESS (Ricker et al.
2015), CHEOPS (Broeg et al. 2013), JWST (Sabelhaus and Decker 2004) and
PLATO (Rauer et al. 2014), see also Section 6. One goal of these missions is
to find a second habitable world - a planet containing liquid water that life
can access, and where it can flourish.
6 Outlook missions
6.1 Bulk planet characterisation: Radii, Masses, Density and Ages
Figure 7 provides an overview of past and future missions relevant for exo-
planet studies. The first dedicated space mission for exoplanets CoRoT (CNES,
Baglin et al. 2006) detected 32 exoplanets so far, all with RV follow-up observa-
tions and hence measured radii and masses. CoRoT provided us with the first
secured terrestrial planet, CoRoT-7b (Léger et al. 2009). NASA’s Kepler mis-
sion (Koch et al. 2010) detected thousands of planet candidates, including ⇠80
planets for which RV follow-up was possible and hence mean planet densities
could be derived, including the small terrestrial planet Kepler-10b (Batalha
et al. 2011). Both missions stopped nominal operation in 2012. However, the
Kepler satellite continuous to take data, now as K2 mission (Howell et al.
2014). K2 observes several target fields near the ecliptic plane for durations of
up to about 80 days each.
CoRoT, Kepler and K2 benefited from the availability of space observato-
ries such as HST and the IR telescope Spitzer, since planets around su ciently
bright stars could be followed up with space-based spectroscopy to study their
atmospheres (see below).
NASA’s exoplanet transit survey TESS (Ricker et al. 2014) will provide
the first all-sky survey to search for transiting planets. Most target fields will
be observed for periods around ⇠1 month, but a small continuous viewing
zone allows for observations of up to one year. TESS is planned for launch in
2018 and will hence be able to provide targets for JWST. TESS targets will
be bright and radii, masses, and mean densities will be known for most of its
detections.
In Europe, ESA will launch its first small mission CHEOPS (Broeg et al.
2013) in 2018. CHEOPS is a follow-up mission and will determine accurate
radii for planets detected previously by the RV method, but also refine radii of
TESS targets and ground-based transit detections. In 2025, ESA is planning to
launch its M3 mission PLATO (Rauer et al. 2014). PLATO’s main target range












Fig. 7 Overview of past and future missions relevant for exoplanet characterization.
is small planets, including characterised planets in the habitable zone. PLATO
will provide not only accurate radii and masses (from RV follow-up), but also
accurate stellar parameters from asteroseismology. This technique was first
applied to space photometric data by CoRoT and then successfully applied
to the brightest Kepler targets. PLATO will now perform asteroseismology of
host stars on a large scale to obtain not only accurate radii and masses, but
also well-known ages of a large number of planetary systems. PLATO targets
will be observable in a JWST extended mission phase and come in time for
the 30m-class ground-based telescopes E-ELT (ESO) (Ramsay et al. 2014) and
TMT (Skidmore et al. 2015).
In the next two decades we will see a wealth of data of planets characterised
for their radius, mass and mean density, allowing for statistical studies of
characterised planet samples. Many of these will be suitable for spectroscopic
follow-up to measure their atmospheric composition.
6.2 Atmospheric observations: technological and observational developments
Current state of a↵airs is that for gas giants that are hot (>1000 K), either
through irradiation of their host star or because they are young and still con-
tracting, water absorption features can be readily observed. First attempts to
push this to smaller planets and those with lower temperatures were so far only
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partially successful, hampered by the occurrence of clouds, which in particular
in the case of transmission spectroscopy can mask absorption features.
The JWST, which will be launched in 2018, will constitute an enormous
enhancement over the HST. It’s collecting area is a factor 7 higher, and im-
portantly the JWST will be flown to L2, meaning that in stark contrast to the
HST it will be able to observe most targets for long periods in time (compared
to the low-Earth 95-minute orbit of HST during which the Earth eclipses a tar-
get for significant periods). Stability is key for transmission, eclipse and phase
curve observations and the JWST will provide this. In the case of clear atmo-
spheres, the JWST is expected to be able to reach detection of water vapour
for planets significantly lower in mass and lower in temperature than the HST
can provide, possibly in the super-Earth or even Earth-size regime. However,
clouds may spoil the party. In that case, observations at mid-infrared wave-
length with MIRI may provide a solution - probing wavelength long enough
such that observations through the clouds may be made.
Ground-based high-dispersion spectroscopy may be another solution to
deal with cloudy atmospheres. The high-dispersion means that observations
probe the atmospheres at significantly higher altitudes, being much more sen-
sitive to water absorption features above any (non-water) cloud layers. New or
upgraded spectrographs at existing 4-10 m class telescopes will significantly
push this method forward, with as ultimate instruments the upcoming ex-
tremely large telescopes such as the E-ELT, both for high-dispersion and high-
contrast imaging, of which the observing speed scales with the telescope diam-
eter to the 4th power. Planned high-dispersion spectrographs such as METIS
in the mid-infrared and HIRES in the optical near-infrared will revolutionise
this field and may be able to characterise the atmospheres of Earth-like planets
in the habitable zones of nearby stars.
7 Discussion and summary
The detection of water (as well as its amount) is ambiguous when using mass
and radius measurements alone. On the one hand, the current mean uncer-
tainty of measured mean densities for small planets is about 40%. On the other
hand, even if the exact mass and radius of a planet would be known, its com-
position cannot be derived unambiguously from the data alone. Together with
information on the star’s composition and the planet’s surface temperature,
statistical methods can suggest likely compositions (Dorn et al. 2015; Santos
et al. 2015). But even for the planets in the Solar System, this information
gives only a rough understanding of the interior structure of the rocky planets,
and seismic measurements are needed for an improved understanding of the
planets’ compositions. This is not possible for exoplanets and will always limit
our understanding of an individual planet. However, exoplanets provide a sta-
tistical information over a wide range of mean densities which is not assessable
for Solar System bodies. This statistical sample will significantly constrain fu-
ture planet formation models and will lead to a better understanding of planet
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evolution. It is in this field where exoplanets probably will provide the largest
impact.
Concerning water in a particular exoplanet, fortunately, water vapour can
be measured directly in exoplanet atmospheres, as has been shown by recent
detections of water in the atmospheres of close-in hot Jupiters using trans-
mission spectroscopy, and in young gas giants at large orbital distances using
high-contrast imaging. The detection of water in the atmosphere of terrestrial
planets is however challenging and awaits future instrumentation.
Water is essential for life on Earth, and is often seen as necessary condition
for the origin of life (Westall and Brack 2016; Cockell et al. 2016). Detecting
water either indirectly (via mass and radius relationship) or directly (atmo-
sphere spectroscopy) in exoplanets is therefore an important first step in the
direction of finding life outside of the Solar System.
Water vapour in the atmosphere does not necessarily correlate with liquid
water at the surface. Indeed, the past detections of water vapour in exoplanet
atmospheres were only possible for hot Jupiters and one Neptune-like exo-
planet, which would not be considered as good candidates for life (at least not
Earth-like life). Even for smaller, terrestrial planets, water vapour does not
need to refer to surface water, as can be seen in the case of Venus (e.g. Bullock
and Grinspoon 2001).
On the other hand, liquid surface water also does not implicitly include
habitability, as deep water layers (i.e. less-dense planets) may be uninhabitable
(especially on massive planets, see Section 5.3). For the origin of life, the right
amount of water matters.
In this paper we summarised the recent findings on the existence of water in
exoplanets. The detection of low-density exoplanets gives an indirect detection
of large amounts of water. Direct methods can be used to identify water in
the atmosphere, and future missions will enable detection of water in the
atmosphere of super-Earths (see Section 4), giving a clearer indication for the
possible habitability of these planets. Ocean planets, hence planets without
significant land masses, are shown to be less suitable for life due to negative
CO2 feed-back (Kitzmann et al. 2015). Subsurface habitability for planets with
large amounts of water is not necessarily ruled out, as even underneath deep
ice layers life could flourish, as long as enough heat is produced in the rocky
interior of the planet to melt the ice layer at the bottom. It will, however,
be di cult to detect subsurface ocean life on exoplanets in the foreseeable
future. Future missions therefore focus on the detection and characterisation
of Earth-like planets which can be better compared to the evolution of life on
our home planet.
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A. Léger, F. Selsis, C. Sotin, et al., A new family of planets? ’Ocean-Planets’. Icarus 169(2),
499–504 (2004)
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